We present a computational steering approach for controlling, analyzing, and visualizing very large scale molecular dynamics simulations involving tens to hundreds of millions of atoms. Our approach relies on extensible scripting languages and an easy to use tool for building extensions and modules. The system is easy to modify, works with existing C code, is memory efficient, and can be used from inexpensive workstations over standard Internet connections. We demonstrate how we have been able to explore data from production MD simulations involving as many as 104 million atoms running on the CM-5 and Cray T3D. We also show how this approach can be used to integrate common scripting languages (including Python, Tcl/Tk, and Perl), simulation code, user extensions, and commercial data analysis packages.
Introduction
With the development of massively parallel supercomputers, the materials science community has experienced an unprecedented explosion in both the size and complexity of short-range molecular dynamics simulations [1, 2, 3, 4, 5] . The method of molecular dynamics (MD) has been used since the 1950's for a variety of computational problems in physics, chemistry, and materials science [6] . The idea is really quite simple--given a collection of atoms, we solve Newton's equation of motion F=ma and track the atoms' trajectories. The physics of the simulation is incorporated into the force law in the form of a potential energy function. This function can range from a simple pair-potential to complicated many-body potentials [7] .
Prior to 1992, MD simulations were usually performed on relatively small systems (often in 2D) involving fewer than 1 million atoms [8] . However, in a span of only 3 years, MD simulation sizes grew to as many as 1 billion atoms in 3D [2, 4, 5] . Today, production simulations involving tens to hundreds of millions of atoms are possible, but analyzing the resulting data has proven to be extraordinarily difficult. As a result, most MD simulations remain small even though many researchers agree that large-scale simulations are useful for studying certain types of material properties.
In this paper, we describe our efforts in addressing the practical problems of working with very large molecular dynamics simulations. We have taken a computational steering approach in which simulation, data analysis, and visualization are combined into a single package [9, 10, 11, 12] . However, we have adopted an approach that is extremely lightweight--that is, it is memory efficient, simple to use, portable, easily extensible, and not dependent on expensive special purpose hardware. (ie. graphics workstations or high-speed networking).
The SPaSM Code
Since 1992, we have been developing a code, SPaSM (Scalable Parallel Short-range Molecular Dynamics), for performing short-range molecular dynamics simulations on massively parallel supercomputing systems at Los Alamos National Laboratory [1] . Our primary goal has been to study 3D fracture, dislocations, ductile-brittle transition, and other material properties. The code was originally developed for the Connection Machine 5 and is written entirely in ANSI C with message passing. In 1992, the SPaSM code was able to simulate more than 100 million (10^8) particles in both 2D and 3D [1] . In 1993, optimization work resulted in SPaSM receiving part of the 1993 IEEE Gordon Bell Prize [2] . Since then, the SPaSM code has been ported to a variety of other parallel machines. A memory optimization also allowed us to double our simulation sizes up to as many as 300 million atoms in double precision (on a 1024 node CM-5 with 32 Gbytes of memory). Currently, SPaSM is implemented on top of a collection of wrapper functions for both message-passing and parallel I/O [13] . This allows the code to run on a variety of machines including the CM-5, Cray T3D, Fujitsu VPP-550, SGI Power Challenge, Sun multiprocessor servers, and single processor workstations.
While the performance of the SPaSM code has been discussed extensively elsewhere, Table 1 
The Data Glut (and previous work)
One of our original goals was to perform large 3D molecular dynamics simulations of materials. Figure  1 shows snapshots from two such simulations. The images are somewhat misleading. Performing such simulations in practice has proven to be very difficult due to the enormous amount of data that must be analyzed. For example, a single snapshot file from the 38 million atom simulation in Figure 1 was larger than the total system memory available on the largest SGI Onyx workstation at LANL available at the time (in fact, the single image shown required more than 3.5 hours of rendering time). The 104 million particle simulation generated a collection of 40 1.6 Gbyte datafiles (containing only particle positions and kinetic energies stored in single precision). None of SPaSM's users have workstations capable of handing such datasets. In fact, most users don't even have enough local disk space to bring one of these datasets to their local machine. Even if this were possible, users at remote sites would be out of luck--shipping 64 Gbytes of data across the Internet would almost certainly be a nightmare. Unfortunately, the idea of simply offloading data from a supercomputer onto a high-end graphics workstation still seems to run rampant within the supercomputing community. However, in practice this only really works for relatively small simulations involving no more than a few million datapoints. Of course, this really should not come as a surprise, why would any reasonable person expect a workstation to be able to efficiently handle the analysis of data from a very large simulation performed on a 512 processor Connection Machine or T3D?
The large dataset problem has not gone unnoticed by the supercomputing community and some have come to call it the "Data Glut" problem [14] . To visualize some of our very large simulations, we have sometimes used a parallel rendering tool [15] . This is how the 104 million atom picture in Figure 1 was generated (on a 128 processor Cray T3D). Unfortunately, this approach has also proven to be ineffective. Few users know how to run the rendering code, and the system requires several minutes to make a single picture (making the system difficult to use for data exploration). More problematic is the fact that the tool was extremely limited in its data analysis capabilities--a tool which only makes millions of rendered spheres can hardly be called a data analysis package! We really needed a system that could perform visualization coupled with data analysis and feature extraction. We also needed a system that was easy to use and which could be used from our existing workstations.
Unfortunately, it seems that many solutions to the large-dataset problem have become more impractical in recent years. Some have even predicted the "end to batch-processing." [11] The truth of the matter is that large-scale computing is still difficult, still takes hundreds of hours of computing time on the fastest machines available, and still generates an overwhelming amount of data. Some seem to believe that the data-glut problem can be magically eliminated with very expensive special purpose hardware [10, 11, 12, 16] . While this may be possible, our experience in the I-WAY at Supercomputing'95 was a complete disaster (unless you consider showing a pre-rendered MPEG movie of a MD simulation to a half dozen people a success) [17] . Even if the real demo had worked, most scientists we know do not have the resources to go buy a CAVE, a personal Power-Challenge Array, a wall-sized display, and a dedicated OC3 connection to their favorite supercomputing center just to look at their data [17] . Thus, while these efforts may be conceptually interesting, we feel they are of little practical value to scientists who are remotely accessing supercomputing facilities from an ordinary UNIX workstation.
Computational Steering
In reality, we feel that most of our data analysis problems are not the result of having large datasets, a lack of tools, or lack of high performance machines, but the entire methodology of the process. By decoupling the simulation and the analysis, we are left with the problem of figuring out how to move data around between tools and machines. Often times, this data is incomplete--and data analysis tools are unable to extract physically interesting quantities. It is also frustrating to run a large simulation only to find out during post-processing that it was flawed.
To address these problems, we have adopted the approach of "computational steering" which aims to combine simulation, data analysis, and visualization into a single package. We feel that this combination is important because trying to understand very-large MD simulations is more than just a simulation problem, an analysis problem, a visualization problem, or a user-interface problem. It is a combination of all of these things---and the best solution will be achieved when these elements have been combined in a balanced manner.
In order to build an effective system for large simulations, we feel that it must support the following features.
Interactivity. The user must be able to interact with the data and extract useful information. Scripting. The system must be able to support simulations that run for hundreds of hours without user intervention (just because you have steering doesn't mean you don't want to run batch jobs). Memory efficiency. Large-scale MD is still the primary goal, not user interfaces or graphics. Network efficiency. The system must be usable over standard Internet connections. Extensibility. The user must be able to extend the code with new features and new functionality.
Compatibility. The steering system should be able to work with existing code. Portability. The system must work on all parallel machines and workstations. Performance. It is critical that the system be able to process massive amounts of data quickly. It must also be usable from any UNIX workstation. Ease of use. Keep it simple and the scientists will use it.
Previous efforts in computational steering seem to have focused primarily on interactivity and user interfaces while ignoring many of the issues important for large-scale simulation [9, 10, 11, 15] . As a result, we end up with scientific computing "environments" that are unnecessarily complicated and which continue to rely on high-end graphics workstations and high-bandwidth networks--a solution that is simply not that attractive at this time due to both the high cost and limited performance on large-scale problems.
Our approach incorporates all of the features listed above, but with an emphasis on working with very large-simulations and simplicity at all levels. We're not interested in building a large monolithic steering system---in fact, we feel that the best steering "system" is one that you barely notice that you're using! Thus, we will primarily focus on issues related to memory efficiency, long running jobs, extensibility, and building steerable applications from existing code. We do not see our approach as a replacement for other efforts in computational steering. Rather, we see it as an "alternative world view" in which we have tried to build a balanced system that is well-suited for large-scale production simulation and basic scientific research. While most of our efforts have focused on MD, we feel that our approach is applicable to many other large-scale computing situations.
Lightweight Steering with Scripting Languages
Rather than relying on a sophisticated graphical user interface, we have taken a command-driven approach that has been used successfully in commercial packages such as MATLAB, IDL, or Mathematica. While this may not be "flashy", it is remarkably simple and expressive. A user can interactively issue commands to generate plots, run the simulation, or look for interesting features. It is also possible to write scripts for controlling long-running jobs or to write some functionality as procedures in the command language itself. To add this functionality to the SPaSM code, we can use extensible scripting languages such as Tcl/Tk and Python [18, 19] . As a result, the overall code organization is as shown in Figure 2 .
Figure 2 : SPaSM Organization
In the new system, the control language is used to glue together different modules for simulation, data analysis and visualization while the entire system is built on top of a message passing, parallel I/O and networking layer that hides hardware dependent implementation details.
On parallel machines, we originally developed our own scripting language based on a simple YACC parser [20] . This language allows the user to access C functions and variables, but also allows loops, conditionals, user-defined functions, and variables to be created on the fly. In reality, the scripting language is not unlike Tcl/Tk, except that we have written the system to work with parallel I/O and have cleaned up the syntax. Internally, the scripting language uses a SPMD style of programming. Each node executes the same sequences of commands, but on different sets of data. The nodes are only loosely synchronized and may participate in message passing operations. While our scripting language was primarily designed to run nicely with message-passing, it turns out that SPaSM can be compiled to use Tcl, Python, or Perl as well (see the next section).
We would like to emphasize the efficiency and simplicity of this approach. Adding a scripting language requires very little memory since parser really only needs a small stack for the LALR(1) parsing method used by YACC [20] . As a result, there is little impact on memory usage. Scripting languages are also easily portable and don't require much network bandwidth to operate. Finally, by having a carefully chosen set of commands and defaults, it is easy to perform complex analysis and visualization without making things too complicated.
Automated Language-Independent Interface Generation
While our command driven approach to steering is conceptually simple, in order to be useful, it is critical that a user be able to add new commands and features. In this case, one must extend the command-language interface with new C functions and variables. The standard technique for doing this is to write special "wrapper" functions that provide the glue code between the command-language and underlying C functions. Unfortunately, writing these wrapper functions is usually quite technical, tedious, poorly documented, and error-prone. In order to expand the system, the user writes a normal C function--exactly as would have been done without the command language interface. Its ANSI C prototype declaration is then placed into an interface file. When SPaSM is compiled, the interface file is automatically translated into C wrapper functions and a new command is created with the same usage as the underlying C function. This match between commands and C functions is important because typical users of SPaSM are writing C code to implement new physical models and initial conditions. Accessing these functions from the command interface is critical. Our automated tool provides a direct mapping between the command interface and the underlying C functions which is easily understandable. Since our interface file specifications are not specific to any one scripting language, SWIG has been designed to support multiple target languages and can currently build interfaces for Tcl, Python, Perl4, Perl5, Guile, and our own scripting language. Thus, SPaSM can be controlled by any of these languages (although obviously not all scripting languages will work properly on parallel machines).
Building Modules and Packages
To encourage code reuse and provide additional flexibility, SWIG allows SPaSM users to easily build packages of interesting modules with a special "include" directive. Thus, a more complex user interface could be built as follows :
%module user %{ #include "SPaSM.h" %} %include initcond.i %include graphics.i %include dislocations.i %include particle.i %include debug.i
Code 2 : SPaSM interface file with modules.
Many files could be placed in a common repository of modules available to all users, but others can be written or customized by the user as needed for a particular simulation. Thus, instead of forcing every user to use the same system, this approach allows each user to customize SPaSM to their individual liking. We feel that this flexibility is critical--especially in an environment where the code is in a constant state of evolution as new physical models and simulations are being developed.
Pointers and Objects
While our interface builder is designed to be easy to use, it can be used with highly complex C and C++ code. Pointers to arrays, structures, and classes can also be manipulated [21] . Thus, a user can create vectors, particles, arrays, and other interesting objects all from within the scripting language interface. These in turn can be passed to other C functions for later use. For example, suppose we wanted to make a module for finding small subsets of atoms by culling the particle data based on the value of its individual potential energy contribution (a useful technique we have used for finding dislocations). We could do this entirely within a SWIG interface file, by including a special C function for searching the particle data. In this case, we've written a function that looks for the first particle matching the search range and returns a pointer to it. The function can be called repeatedly with the previously returned pointer value to find all of the matching particles. Within a scripting language, we can now write some functions to build and manipulate lists of particles. In this case, we have built SPaSM under the Python scripting language [19] . One of the greatest strengths of extensible scripting languages is their ability to easily manipulate structures such as lists and associative arrays. If we wanted to extract two sets of particles with different potential energy ranges and make an image, the user could simply type the following Python commands: The ability to work with complex objects has been critical for building more complex modules. While a user may only write a relatively simple interface file for their own C functions, other modules may be quite sophisticated--involving large libraries or C++ code. For example, we have used SWIG to build modules out of MATLAB and the entire Open-GL library--both of which can be imported into the SPaSM code if desired. In short, almost any type of C code can be integrated into our steering system (although clearly not all codes will work on all machines).
A Scripting Example
Some people might not think of scripting as a component of steering, but we feel that it is absolutely critical. Simulations can run for a very long time where user interaction isn't necessary. Code 5 shows a typical SPaSM script. In the script, the commands directly map onto the underlying C functions given in the interface file. Scripting also provides a rapid prototyping capability since users can make changes to simulation parameters without recompiling the SPaSM code after every change. Many operations can be first implemented as scripts and recoded in C after they have been sufficiently tested.
An Interactive SPaSM Example
We have developed a high-performance memory efficient graphics module that allows us to remotely visualize MD data with as many as 100 million atoms on a 512 processor CM-5 (this work is in progress and will be published elsewhere). The graphics system is implemented as a separate module and can be used to visualize data from running simulations or post-processing. The following example shows how this system is used on data from a 11 million particle impact simulation. Each data set is 180 Mbytes. Images are sent through a socket connection as GIF files to the user's workstation for display. The view is controlled by typing commands directly into the SPaSM code as shown in the following example. This example was run on a 64 processor node CM-5 (and has been edited slightly for clarity). Text typed by the user is shown in bold. With a careful choice of parameters, it is easy to move around in a data set and look at interesting features. Previously defined viewpoints can also be easily saved and recalled. When we tried to work with this same dataset on an SGI Onyx graphics workstation with 256 Mbytes of RAM, it was virtually impossible. Images required as many as 45 minutes to generate and the machine was simple incapable of dealing with a dataset of this size in an interactive manner [15] . However, by using our new system, it is possible to visualize large simulations in less time than that required to perform a single MD timestep (see Table 1 ).
While this example has been simple, this approach can also be used to interactively set up initial conditions, visualize the data, run the simulation, and perform analysis in real-time as the simulation runs. Periodically, the user can stop the simulation, look at the data in more detail, make changes to various parameters, and continue the simulation. All of this is possible without exiting the SPaSM code or loading a separate analysis tool.
Data Exploration and Feature Extraction
One of the problems of 3D materials simulations is that we may only be interested in a small subset of the data such as dislocations or defects. Often, a feature of interest is embedded within a large-bulk of uninteresting atoms. Using SPaSM, we are able to explore very large datasets and look for interesting features. In Figure 4a , we see dislocation loops generated inside a block of 35 million copper atoms (interacting via an embedded-atom potential). This simulation ran for 120 hours on a 128 processor Cray T3D and produced 35 Gbytes of output. In Figure 4b , we are looking at damage due to ion-implantation in a 5 million atom silicon crystal. In both cases we were able to explore and visualize the data by running the SPaSM code remotely and displaying images on a local workstation. In practice, identifying interesting features in large-scale MD simulations is a hit and miss process that depends on a variety of simulation parameters. This is one of the primary reasons why it is so difficult to work with these datasets on a workstation--we must first work with all of the data to effectively identify interesting features. Interestingly enough, by being able to remotely explore large datasets, it is often possible to reduce the datasets to a size than can be later handled on a workstation. For example, in Figure 4a , a single snapshot file is approximately 700 Mbytes, but by removing the bulk, this can be reduced to only 10-20 Mbytes---a size that is more easily handled. The trick is figuring out which 20 Mbytes of data is interesting!
Debugging, Prototyping, and Development
Due to the portability of the SPaSM code, it is possible to do code development and debugging on ordinary workstations. With SWIG, we are able to build SPaSM under a number of popular scripting languages and to import packages such as MATLAB as a SPaSM module. Figure 5 shows a screen shot from such a simulation in which a small MD shock-wave problem is being run on a single processor Unix workstation. The simulation itself is being controlled by a Tcl interpreter, while visualization is being performed by MATLAB and our built-in graphics module. Both plots shown are updated in real-time as the simulation runs. We also see a simple GUI written in Tcl/Tk for performing various visualization shortcuts, changing settings, and loading datafiles for post-processing. It is important to emphasize that everything shown in the image has been combined into a single package using our automatic interface generator, yet the SPaSM code is unchanged from the version run on the CM-5 or Cray T3D. Thus, anything added to the SPaSM core in this environment can also be used on those machines. In practice, we have found that developing on a workstation is considerably easier, more reliable, and less frustrating than trying to develop everything on a parallel machine. By having a highly flexible system, we can utilize a wide variety of analysis tools during the development phase and move up to larger, less interactive, production simulations when we are ready.
Concerns about Steering and Supercomputing Usage
Our approach to steering has resulted in visualization and data analysis tasks being performed directly on the same parallel machines in which we perform simulation. We feel that this is absolutely necessary, because there simply aren't any other machines available that can effectively deal with the large datasets. Unfortunately, this is also troublesome. Most supercomputing systems are used for batch processing and number crunching, not interactive visualization and analysis. Furthermore, many supercomputing centers charge for time, in which case interactively typing commands into a job running on a 512 processor machine may, in fact, be quite expensive!
While it is true that we sometimes need to run interactively on large numbers of processors, a number of steps can be taken to reduce the amount of time required for analysis and visualization :
Image and data analysis parameters can be saved for later use. If a good set of analysis procedures are developed initially, they can be reused later with a great savings in time.
Our code supports batch processing of data files. By loading a representative datafile, it is often possible to pick good visualization and analysis parameters. Once set, a single command can be used to process an entire sequence of datafiles without user intervention. If the analysis procedures are known in advance, visualization and analysis can be performed as the simulation runs. In a batch processing mode, such a simulation will not only produce a collection of datafiles, but a collection of GIF images, and other supporting output. This usually results in extremely high performance since the analysis is performed on the fly as opposed to having to reload the resulting datafiles and performing the analysis at a later time (although this is certainly still possible).
Conclusions and Future Work
We have presented a simple steering approach based on scripting languages and an automated interface building tool, SWIG, that we have developed for building extensions and modules. This approach has been used with the SPaSM code for about one year. We feel that this has been a step in the right direction, but want to emphasize the differences between our approach and others. First, rather than trying to build a sophisticated computational steering "environment" and integrating simulation codes into it, we have developed an extremely lightweight tool that works with our existing codes, but tries to stay out of the way. Secondly, our system has been designed primarily to support very-large scale simulation. While we can run interactively, the system works equally well in a batch processing mode for long-running simulations. The memory efficiency of the approach has allowed us to continue running very large simulations, even when performing analysis and visualization. Our approach also works well on inexpensive workstations and slow networks--making it useful to users who only have remote access to a large parallel supercomputer. Finally, we recognize that most scientists who would be using SPaSM are qualified professionals who demand both simplicity and functionality. Our approach works with existing C functions and is easy to extend. At the same, we impose no restrictions on the scripting language or types of C code that can be glued together. Thus, a scientist can easily build a simple implementation or one of almost arbitrary complexity.
Currently, we are working on the development of new graphics and data analysis modules for SPaSM. We are also interested in extending our work with the Python scripting language and exploring extensions such as Numerical Python which provide high-level mathematical operations on arrays and matrices [22] . We have no plans to build a sophisticated graphical user interface at this time. If this is desired, we feel that we could probably use any number of existing systems such as the SCIRun steering software developed at the University of Utah [9] . Finally, as data analysis and visualization become commonplace, we feel that data management and organization of results will be critical. Therefore we are quite interested in extending some of our work to scientific databases and data management systems. We feel that this management of data, run parameters, and output, will be more critical than simply providing more interactivity.
